Abstract: Light-induced photoluminescence (PL) switching using azobenzene-doped liquid crystal (LC)-dispersed quantum dots (QDs) is demonstrated in a format of LC cell and LC-infiltrated tube. Before light irradiation, excitation photons undergo multiple scattering events before emission out of the LC cell, and PL intensity is high. Upon the light irradiation, the trans-to-cis photoisomerization of azobenzene makes the QD-dispersed LCs highly transparent, thus allowing most excitation photons to pass through LCs and decrease PL intensity. This demonstration may allow a new modulating technique for future development of light-switchable, QD-emission-based display or photonic devices.
Introduction
Over the last decade, quantum dots (QDs) have been intensely used for solar, biological, and optoelectronic applications [1] - [6] . Recent studies demonstrate QDs as an effective light source in photonic devices, such as light emitting diodes for display purposes [7] - [10] . Benefits of QDs include greater optical efficiency and stable luminescent properties compared with organic dyes or fluorescent molecules. Several tunable photonic inorganic/organic composites have successfully demonstrated the combination of QDs and liquid crystals (LCs) using electric fields [11] - [16] . Using light as a trigger to control optical properties of photonic materials [17] , [18] is an attractive modulation tool since optical fields can be precisely removed, controlled, switched, and focused in a specific area. This report demonstrates an optically switchable photoluminescence (PL) using azobenzene-doped LC-dispersed QDs in LC cell and LC-infiltrated tube formats. During the light-off state, the QD-dispersed LC exhibits a cholesteric phase of high scattering and excitation photons undergo multiple scattering events before emission from the LC cell. This scattering condition creates a high probability that excitation photons will be absorbed by dispersed QDs. During the light-on state, the trans-to-cis photoisomerization of azobenzene [19] - [23] makes QD-dispersed LC an isotropic phase of high transparency. Excitation photons pass through the LC cell without adsorption by QDs and consequently reduce the possibility of QD excitation. Controlling light irradiation intensity can therefore modulate PL intensity of the QDs. In view of the considerable interest in PL of QDs for photonic applications, this study of optically switchable PL from azobenzene doped LC-dispersed QDs introduces a new approach to control QD emission by tuning the power of the irradiating light. The proposed method may allow a new modulating technique for future development of light-switchable, QD-emission-based display, or photonic devices.
Experimental
CdSe/ZnS QDs were previously synthesized [24] . The nematic LC (MDA 3461) and the chiral dopant ZLI811 were purchased from Merck. The azobenzene (4-butyl-4 0 -methoxyazobenzene, BMAB) was synthesized according to previous literature [17] . To prepare the homogeneous mixture of azobenzene-doped cholesteric LC (azo-CLC, MDA 3461 doped with 15 wt% of BMAB and 20 wt% ZLI811) with QDs, the CLC were first dissolved in the toluene solution of CdSe/ZnS. The sample of the LC cell was prepared by adding 10l of the mixture onto a glass slide and sandwiching it with another slide using a 3m spacer. Fluorescence and bright field images were recorded by an optical microscope (Olympus IX71) equipped with a CCD camera with a notch filter (Semrock, NF01-514U-25 for 514-nm wavelength) and a dichromatic filter (Omega, XF2040-435DRLP for 405 nm wavelength). The schematic of characterizing light-induced switching of PL from a LC sample cell [see Fig. 1(a) ] shows optical transmittance from the LC sample, measured by a fiber-based UV-VIS spectrometer (Ocean Optics, HR4000HCG). Irradiating light (violet laser diode of 405 nm wavelength) was directed at an angle to the LC cell to prevent it from directly entering the spectrometer. PL intensity was measured by a fiber-based fluorescence spectrometer (USB2000), where the LC cell was positioned with its normal directed to the fiber head, and an excitation photon (Ar þ laser of 514-nm wavelength) was directed at angle to the LC cell to prevent direct entry into the spectrometer. Light irradiation was directed to the opposite side of the sample and was also directed at an angle to the LC cell to prevent direct entry into the spectrometer. The tube sample was prepared by infiltrating the QD-dispersed azo-CLC mixture into the capillary tube. PL intensity was measured by fiber-based fluorescence spectrometer (USB2000) [see Fig. 1(b) ], where the sample was positioned with its capillary head to the fiber-based spectrometer, and an excitation photon was directed at a 45 angle to the sample, ensuring the induced photon could be confined to the capillary tube and prevent it from directly entering the spectrometer. The light irradiation was directed to the opposite side of sample and was directed at a 90 angle to the sample, ensuring the induced photon could not be confined to the capillary tube and preventing it from directly entering the spectrometer. In both cases, filters were placed in front of the recording fiber head to minimize intensity from irradiation and excitation. The PL switchable process in the tube was observably related to the position of irradiation. PL intensity decreases when irradiation is applied in the PL excitation position (Scheme I). PL intensity increases when the irradiation is applied in front of the PL excitation position (Scheme II).
Results and Discussion
Changes of QD's PL under two light irradiation states were visualized by digital camera [ Fig. 2(a) ]. Before light irradiation (light-off state), excitation photons (Ar þ laser, 514 nm wavelength) enable PL, shown in bright red. PL intensity from the sample decreased during light irradiation, light-on state (violet laser diode, 405 nm wavelength). The decrease in size of the white spot in Fig. 2(a) (i.e., light saturation) provides evidence of optical switchable PL using azobenzene-doped LC-dispersed QDs. To analyze light-induced switching properties of azobenzene-doped LC-dispersed QDs, this study characterized optical transmittance of the LC cell in correlation to the variation of PL intensity before, during, and after light irradiation. Fig. 2(b) shows the time-dependent optical transmittance and PL intensity (recorded simultaneously with UV-VIS and a fluorescence spectrometer) of the LC cell under various light irradiation conditions. The transmittance quickly increases during the light-on state and is accompanied by a quick and simultaneous decrease in the PL intensity. The time constant for PL intensity stabilization is almost the same as that for transmittance stabilization. The increase of PL during the light-off state correlates with the decrease in the transmittance of LC cell. Fig. 3 shows fluorescence and polarized optical microscopic (POM) images and PL spectra of the sample with both light-off and light-on state, providing a schematic illustration for the mechanism within the LC cell that facilitates optically switchable PL. Fluorescence images of QDs were recorded using a filter preventing light interference from the excitation photons (514-nm wavelength) and light used for LC irradiation (405-nm wavelength). The QDs' PL intensity indeed decreased under light irradiation [see Fig. 3(b) ]. The POM image of the samples indicates that the azobenzene-doped cholesteric LC presents a cholesteric phase of scattering during the light-off state. The transmission spectrum [see Fig. 2(b) ] shows that during the light-off state sample transmittance is very low and the cholesteric phase causes high scattering of the sample. The excitation photon then undergoes multiple scattering events before exiting the LC cell, and the probability for absorption of excitation photons by dispersed QDs is high [see Fig. 2(b), light-off] . During the light-on state, cis-isomers generated during azobenzene photoisomerization disrupt the cholesteric phase and an isotropic phase appears [see Fig. 2(a), light-on] . The trans-to-cis photoisomerization of azobenzene makes the QD-dispersed LC cell highly transparent [see Fig. 2(b) , transmission spectrum], and most excitation photons pass through the LC cell, reducing the possibility that QDs become excited [see Fig. 3(b) , light-on]. Controlling light irradiation modulates PL intensity. Fig. 4 (a) reveals the PL response from the sample during modulation of the LC irradiating light. One hundred and twenty-second durations, which corresponded to a almost 100% change of the LC transparency [see Fig. 2(b) ], were used for the light-off and light-on states. The PL signal from LC cell was observed to be optically switchable and repeatable. The decrease of PL intensity [see Fig. 4(b) ] under different powers of light irradiation presents linear behavior when optical light irradiation power is less than 100 mW/cm 2 Vcritical optical power intensity for LC phase transformation between cholesteric and isotropic phases. Fig. 5 shows behaviors of optically switchable PL occurring in the azo-CLC dispersed QDs infiltrated capillary tube. For Scheme I, the behavior of switchable PL in the LC-infiltrated tube is the same as that of an LC cell where upon light irradiation, the cholesteric-to-isotropic phase transition allows most excitation photons to pass through the LC cell without adsorption by the QDs, consequently reducing the possibility of QD excitation. Therefore, PL decreases with light irradiation. However, when the irradiation area is in front of the PL excitation area (Scheme II), the lightirradiated area of high transparency allows most emission photons generated by the excitation area to pass out and, consequently, increasing PL. The response time is 10 s for both cases. The switching repeatability of Qd/LC-infiltrated capillary tube sample [see Fig. 5(a) ] is not stable as Qd/ LC cell sample [see Fig. 4(a) ]. The reason might be due to the enhanced fluidic property of LCs in the tube sample. Both samples (cell and tube) still show light-induced PL switching by keeping the samples at room temperature in three months. There is a slight red-shift of PL from the LC-infiltrated tube sample not observed in the LC cell sample under light irradiation. Further investigations must explain the red-shift of PL using an LC-infiltrated tube sample. Fig. 6(a) shows the quantitatively analysis of PL tuning efficiency dependent on the distance between irradiation area of zone I (Scheme I) and zone II (Scheme II). 20% decrease (negative value) of PL switching efficiency was observed when the laser irradiation applied on zone I. The switching efficiency decreases with increasing the distance because Scheme II effect gradually enhances the PL emission. The PL switching efficiency becomes almost zero when the laser irradiation area is in the middle of zone I and zone II. Continuously increasing the distance gradually increases the PL switching efficiency and reaches a maxima value of 35% efficiency. The PL switching efficiency then decreases again because the laser irradiation area is far away from the PL excitation area the emission photons is not easily to pass out. The PL switching efficiency dependent on the azobenzene concentration is shown in Fig. 6 (b) (Scheme I condition). Higher azobenzene concentration enhances the switching efficiency at the same intensity of laser irradiation. Control experiments have validated the optically switching behavior of azobenzene-doped LC-dispersed QDs. Fig. 7 (black dotted line) is PL intensity from excitation photons created by a laser with a 514-nm wavelength. In the absence of light irradiation (405-nm laser wavelength), PL intensity from the sample remains constant. For the undoped LC sample, which contains no azobenzene ( Fig. 4(a) red solid curve), PL intensity slightly decreases during the light-on state. This decrease is caused by QD photooxidation [25] , generated by the 100 mW/cm 2 power intensity of irradiating light. For the azobenzene-doped sample [see Fig. 7 (a) blue dashed curve], the decrease of PL intensity is 7 times larger than the undoped sample. PL intensity of the undoped LC sample recovered to its original intensity less than 1 s after cessation of the irradiating light [see Fig. 7 
Conclusion
This study demonstrates optically switchable PL photonic material created from azobenzene-doped LC-dispersed QDs. During light-off states, the QD-dispersed LC cell exhibits high scattering and excitation photons undergo multiple scattering events before exiting the LC cell, thus allowing QD excitement. During the light-on state, the generated cis-isomers of azobenzene disrupt LC orientation and make the QD-dispersed LC cell highly transparent. Excitation photons pass directly through the LC cell, reducing the likelihood of QD excitement, thereby decreasing PL. Additionally, controlling light irradiation intensity can also modulate PL intensity. Considering the interest in PL of QDs for photonic applications, this study introduces a new photonic nanomaterial platform to optically control QD emission. This study may lay an important foundation for developing the next generation of light-switchable, QD-based display, or photonic device.
